greatest anthocyanin (592.5 ± 86.4 mg/kg DW) and total phenolic (52.2 ± 3 mg GAE/g DW). It should be noted that the lowest anthocyanin and total phenolic content of shoots were found in P40, while tubers of P40 contain the highest content of each. Furthermore, the increase in leaf anthocyanin content over the growth stages that was observed in three of the cultivars but not in P40. No significant difference of anthocyanin content was found in Beauregard leaves grown in the high tunnels when compared with that in the open field. This study demonstrated for the first time that anthocyanin levels were significantly changed in response to various growth stages but not high tunnel condition, indicating that the effect of anthocyanin biosynthesis in sweet potato leaves is highly variable and genotype specific.
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INTRODUCTION
Sweet potato (Ipomoea batatas L.), one of the six most important food crops in the world, is cultivated in many developing countries. [1] This well-known crop is highly productive although it requires low input [2] . The tubers of the sweet potato are nutritious and commonly consumed, but sweet potato generates many by-products like leaves, residue and waste water. Sweet potato leaves have been consumed as a green leaf vegetable in African and Asian countries and contain protein, essential amino acids, antioxidants, vitamin B, minerals and dietary fiber. [3] [4] [5] [6] Both purple and green sweet potato leaves had been reported at the high levels of phytochemicals and other bioactive compounds that are excellent sources of anti-oxidative polyphenols like anthocyanins and phenolic acids [7] [8] [9] .
Anthocyanins are the primary subclass of polyphenols in the red, purple and blue pigmentation of many plants. They represent a diverse group of secondary metabolites in higher plants [10] . Over past few years, anthocyanins in sweet potato were paid much attention due to their numerous beneficial activities. Islam et al. demonstrated that sweet potato leaves were an excellent source of anti-oxidative polyphenols like anthocyanins and phenolic acids, which were widely used as functional food ingredients that enhanced the antioxidant capacity of consumed food products in the U.S. food market. 3 Additionally, the findings in experimental animal model have demonstrated that anthocyanin-rich purple sweet potato P40 may protect against colorectal cancer by inducing cell-cycle arrest, anti-proliferation, and apoptotic induction [11, 12] .
Phytochemical content depends not only on genotype but also on growth environment. Fluctuations in light, water stress, temperature, rain intensity and air humidity restrict nutritive components and could also affect plant phytochemical content and quality [13] [14] [15] [16] [17] . For example, high tunnel growth chambers provide an easy, cost-effective way to maintain stable growth conditions and extend the sweet potato growth season, which enhances yield and profitability. Growth stage is yet another source of variability that influences secondary metabolite concentration [16, 17] . Therefore, determining optimum growth stages and growth conditions for sweet potato leaves should maximize anthocyanin content (AC) and total phenolic content (TPC), contributing to assessing sweet potato leaves as feasible, functional food [18] .
No report has been published on the differences in AC and TPC at different sweet potato leaf development stages. Few studies have been conducted on how high tunnel and open field growth conditions affect AC and TPC of sweet potato leaves. This study was set up to investigate the effect of various growth stages and conditions on anthocyanin accumulation in the leaves of four sweet potato varieties: Whiteskin and white-fleshed Bonita, red-skin and orange-fleshed Beauregard, red-skin and whitefleshed Murasaki and purple-skin and purplefleshed P40. The results would provide anthocyanin profiles and content in different varieties of sweet potato leaves in response to various growth stages and high tunnel conditions.
MATERIALS AND METHODS

Materials
Acetonitrile, methanol, and formic acid used in this study were either HPLC grade or analytic grade and purchased from Thermal Fisher Scientific (Suwanee, GA, USA). Water was purified through Barnstead E-Pure Deionization System (Dubuque, IA, USA) and filtered through Millpore 0.45 μm membrane (Bedford, MA, USA). A standard of Peonidin-3-glucoside chloride, Folin-Ciocalteu reagent and gallic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Sample Preparation and Extraction
The leaves of four sweet potato cultivars (Bonita, Beauregard, Murasaki, and P40) were harvested at the Kansas State University, John C. Pair Horticultural Center. The 1 st sweet potato slips were removed from tubers at two weeks of the growth cycle, and the 2 nd sweet potato slips at six weeks. The vine stage came from 2 nd sweet potato slips that were cut and re-planted for an additional six weeks of growth. For each variety, leaves were washed with tap water, chopped into approximately 2 cm slices, freeze-dried (Labconco, Free Zone 2.5) and ground by a food processor into powder. Prepared powder was then stored at -80ºC until further extraction. To prepare anthocyanin extracts, 0.5 g of powder was extracted with 20 mL of mixed solvent of water and 1 N formic acid at 95:5 (v/v). Tubes containing powder/solvent mixture were wrapped with aluminum foil to avoid light exposure. After a 24h extraction, the suspensions were centrifuged at 4000 g for 45 min, and the supernatant was collected and dried by vacuum drier at 25ºC overnight. Subsequently, 1 mL of acidified methanol was added, and then the dissolved extract was filtered through a Whatman syringe filter (Whatman 0.45µm PVDF) for HPLC-MS/MS analysis.
Identification and Analysis of Anthocyanins by HPLC-MSI/MS
HPLC coupled Electrospray Ionization tandem Mass Spectrometry (HPLC-MSI/MS) was used to carry out anthocyanin identification and quantification according to our previous publications [8, 11, 19] . A Shimadzu HPLC system (Kyoto, Japan) was used for chromatographic analysis and separation. This system used a DGU-20A3 built-in degasser, a LC-20AB solvent delivery pump, a SIL-20ACHT auto-sampler, a CTO-20AC column holding oven, a CBM-20A communicator module and a SPDM20A Photodiode Array Detector. A Waters (Milford, MA, USA) C18 reversed phase column (250 × 4.6 mm) was used for anthocyanin separation. Elution was performed with mobile phase A (5% formic acid in de-ionized water) and mobile phase B (5% formic acid in acetonitrile/water 1:1 v:v). The gradient conditions were set as follows: solvent B volume at 20-40% for 30 min, 40-50% for the following five min, held at 50% for 10 min, before returning to 20%. The detector performed a full spectrum scan between 190 and 800 nm, but 520 nm was used for monitoring anthocyanins. Peonidin-3-glucoside was used as an internal standard for quantitation of extraction recovery, and AC was expressed as peonidin 3glucoside equivalent (PN3GE) per g dry weight (DW). Based on a signal-to-noise ratio of 3:1 and the standard deviation of the lowest concentration of PN3G/slope of the calibration line, the detection limit was estimated at 5 µmol.
Mass spectrometric scan was performed on a Bruker Esquire 3000 in positive mode with a scanning interval 500-1200 m/z. Data were analyzed using Bruker Hystar Post Processing software (Bruker Daltonics, GmbH, Billerica, MA, USA). The ESI/MS data was used to confirm the mass of each anthocyanin HPLC peak. The mass spectrometry instrument was controlled by the esquire control 5.3 software (Bruker Daltonics, GmbH, Billerica, MA, USA) and the data were processed with Data analysis 3.3 software (Bruker Daltonics, GmbH, Billerica, MA, USA). Each anthocyanin was individually identified by comparing HPLC retention time, absorbance spectra, and MS spectra with previously published works [11, 19] . New anthocyanin's mass spectral data were matched by the National Institute of Standards and Technology Mass Spectra Library data (NIST08, National Institute of Standards and Technology, Gaithersburg, MD, USA).
Measurement of TPC
TPC in each sweet potato extract were measured by Folin-Ciocalteu method with a slight modification [20] . A stock solution of 1mg/mL Gallic acid in distilled water was prepared ranging from 12.5-200 µg/mL in 70% acetone for the standard curve. A solution of Na 2 CO 3 at 7.5% (w/v) was also prepared. To each of the 96 wells, 75 µL of distilled water was added, followed by 25 µL of either aliquots of extracts or gallic acid standard at various concentrations. Folin-Ciocalteu regent diluted 1:1 with distilled water was then added to each well. The wells then stood for 10 min at room temperature before 100µL of Na 2 CO 3 solution was added to each well. Plate was covered and stood in darkness for 90min before measuring. Absorbance was read in a microplate reader Synergy HT, biotek (winnoski, USA) using Gen5 TM 2.0 data analysis software. Results were expressed as mg Gallic acid equivalent (GAE) per g dry weight (DW).
Statistical Analysis
Data were analyzed using SAS statistical software, version 9.3 (SAS Institute, Cary, NC, USA). Data were analyzed by overall two-way ANOVA followed by Tukey's test for individual between-group comparisons. The results were presented as means ± SD, and a probability at p≤0.05 was considered significant.
RESULTS AND DISCUSSION
Chromatographic Separation
Chemically, anthocyanins are a group of flavonoids characterized by having C 6 -C 3 -C 6 skeleton. Among the more than 600 types of anthocyanin, [21] most anthocyanin aglycones found in nature comprise six anthocyanidins: cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and malvidin, each with a 2phenylbenzopyrilium (flavyl-ium) skeleton hydroxylated in the 3, 5 and 7 positions, with different substitutions at R 1 and R 2 (Fig. 1) . Unlike other flavonoids, anthocyanins have a positive charge on the C-ring, which responds to pH with different colors [11] . The objectives of this study were to use HPLC-MSI/MS to characterize the anthocyanin profile and quantify the anthocyanin content of sweet potato leaves in response to various growth stages and conditions. Fig. 2 shows the profile of anthocyanin peaks from sweet potato leaves in HPLC chromatogram. No anthocyanins were detectable in the stem of P40, Murasaki, Bonita, and Beauregard, but fourteen anthocyanins, including one newly discovered, were found in the sweet potato leaves at retention times between 4 and 27 min. Of these, peaks 8 and 9 were the major anthocyanins and their peak areas appeared to cover more than half of total anthocyanin peak areas.
Mass Spectrometric Identification
Following HPLC separation, LC-MSI/MS data were characterized by monitoring the molecular ion characteristics for each peak. Table 1 provides the m/z ratio of each intact anthocyanin and its fragment ions. As shown in Table 1 
Fig. 1. Chemical structures of common anthocyanidins and anthocyanins
Fourteen anthocyanins were isolated and identified in all four varieties of sweet potato leaves. Although this new anthocyanin could be detected in purple sweet potato tubers (P40), [22] previous studies had not found Peonidin 3caffeoyl-p-coumaryl sophoroside-5-glucoside in any sweet potato leaves; this new anthocyanin was first reported in Murasaki sweet potato leaves.
AC and TPC in Sweet Potato Leaves
AC at both slip and vine stages of all four varieties of sweet potato leaves is given in Fig. 3 . No significant variation across the four varieties was found at the 1 st slip stage. Results showed that Bonita produced the most AC during 1 st and 2 nd slip stages (280±30 mg /kg; p<0.05) while Beauregard had the richest AC at vine stage (592.5±86.4 mg/kg; p<0.05), reaching 592.5±86.4 mg/kg of the extracts, approximately 10 times more abundant than the amount of AC at 2 nd slip stage. AC increased continuously in Bonita from 1 st slip stage to vine stage, but P40 did not. Moreover, Bonita also showed high AC at vine stage, with 473.9±79.9 mg/kg, significantly more than Murasaki and P40 leaves at the same stage (p<0.05). The changes in AC at P40 vine stage did not correspond to the changes observed in the other varieties. AC of P40 even decreased significantly from 2 nd slip to vine stage. Table 1 ) The predominant anthocyanins were Cyanidin3-(6, 6'-dicaffeoyl-sophoroside)-5-glucoside, Cyanidin3-(6, 6'-caffeoyl-p-hydroxybenzoyl sophoroside)-5-glucoside, up to 60% of total anthocyanins within slip and vine stages. The new anthocyanin, Peonidin 3-caffeoyl-p-coumaryl sophoroside-5-glucoside accounted for approximately 1% of total anthocyanins. As reported by Xum et al. [19] that the top three main anthocyanins in P40 flesh were Cyanidin3-(6,6'-caffeoyl-p-hydroxybenzoyl sophoroside)-5glucoside, peonidin 3-caffeoyl sophoroside-5glucoside, and Cyanidin3-(6,6'-caffeoylferuloylsophoroside) -5-glucoside, which accounted for half the total AC. Of these, Cyanidin 3-p-hydroxybenzoyl sophoroside-5-glucoside showed high levels in both flesh and leaves of P40.
Fig. 2. Representative HPLC chromatograms of anthocyanins in sweet potato leaves of vine stage: a) P40; b) Murasaki; c) Bonita; d) Beauregard (The peak number corresponding to anthocyanin name is shown in
We found no significant changes in TPC in Murasaki from 1 st slip stage to vine stage (p<0.05) ( Fig. 4) ; Beauregard at vine stage had the most abundant TPC (52.2±3 mg GAE/g DW), followed by Murasaki (44.6±2.4 mg GAE/g DW) and Bonita (40.8±3.3 mg GAE/g DW) (p<0.05) ( Fig.  4) . Please note that TPC in P40 leaves did not change significantly for any stage, ranging from 36.3 ±1 mg GAE/g DW at 1 st slip to 34.5 ± 1.4 mg GAE/g DW at vine stage. It should be noted the contents of anthocyanins and other phytochemicals in response to various growth stages are important not only for sweet potato breeders but also for the consumers as they relate to potential health benefits.
In the field experiment, AC of Beauregard at slip stages did not differ significantly between high tunnel and open field environments (p<0.05). Similarly, TPC for Beauregard slip stages grown in the field was not higher than the high tunnel, indicating that Beauregard slips in high tunnels may not provide impact on phytochemical biosynthesis directly. It has been reported that polyphenols like anthocyanins are sensitive to adverse environmental conditions, including unfavorable temperature, light, pH and humidity, so growing sweet potatoes in a high tunnel does provide an easy and cost-effective way to establish more control over the growing environment and extend the growing season to enhance crop yield, quality, and profitability. [23] Despite the potential benefits of using the high tunnel at 1 st and 2 nd slip stages, additional study could determine the extent to which the vine stage might contribute to differing AC and TPC in the high tunnel condition.
CONCLUSION
In conclusion, fourteen anthocyanins, including one new one, were identified and quantified by HPLC-MSI/MS in the white-skin and whitefleshed Bonita, red-skin and orange-fleshed Beauregard, red-skin and white-fleshed Murasaki and purple-skin and purple-fleshed P40. This study showed for the first time that anthocyanin levels are significantly affected by growth stage. Although the P40 tubers had the highest content of anthocyanins, Beauregard leaves at vine stage were richest in AC and TPC among the studied samples. AC increased continuously in Bonita from 1 st slip stage to vine stage, but P40 did not have the same response. In the high tunnel studies, no significant differences in AC and TPC were found in Beauregard leaves grown in the high tunnels versus the open field. Hence, our overall results indicate that growth stages and/or environment affect anthocyanin content of various sweet potato varieties, but that effect is highly variable and genotype specific.
